Abstract: Planar dielectric microcavities embedded in woodpile void channel photonic crystals with stop bands in the stacking direction ranging from 4.3 to 4.8 µm in wavelength were generated by femtosecond-laser direct writing in a solid polymer. Infrared transmission spectra revealed fundamental and second-order modes crossing the stop gap region with a free spectral range of 430 nm on varying the microcavity size from 0.3 to 2.25 µm. Supercell calculations confirmed the cavity size dependence of highly localized cavity modes, whereas the angle of incidence was accounted for using a simple Fabry-Perot model.
Introduction
Ever increasing research effort was put into the fabrication and characterization of photonic crystals, since they were proposed independently by Yablonovitch [1] and John [2] over a decade ago. Exhibiting a photonic bandgap in which propagating electromagnetic modes cannot exist at all or only for certain directions or polarization states, photonic crystals allow for the highly efficient manipulation of light at wavelengths on the scale of their dielectric periodicity [3, 4] . Along with numerous other attributes including abnormal dispersion [5, 6] they are seen by many as the fundamental building blocks by which the optical integrated circuits of the future will be realized. The large variety of microdevices combined on such a photonic chip is based on specific deviations from the ideal lattice periodicity. Examples of such functional defects are waveguides with sharp bends [3, 4] , wavelength division multiplexers [7, 8] and optical switches which rely on local nonlinearities [9] [10] [11] . Point defect microcavities may play an important role in these devices [7, 10, 11] and intense effort has been undertaken to study their electromagnetic modes [3, [12] [13] [14] . Planar microcavities in photonic crystals [15] [16] [17] are another important defect category. Like point and line defects they hold particular promise upon combination with gain media and are key elements of photonic crystal microlasers [18] [19] [20] , which may be integrated into the photonic chip. Microwave experiments with Fabry-Perot resonators in two-dimensional photonic crystals [15] revealed up to six cavity modes with quality factors on the order of 10 3 as well as characteristic spectral shifts with varying cavity size. Woodpile-type mid-infrared photonic crystals generated by two-photon photopolymerization [16] also showed signatures of defect modes upon removal of every second rod in their central layer. Recently, the insertion of a single layer of silica spheres of different size into a self-assembled colloidal photonic crystal allowed for the observation of a planar cavity mode shifting across the photonic stop gap in the visible spectral range [17] .
In this article, we demonstrate the functionality of Fabry-Perot type planar microcavities with cavity spacings between 0.3 and 2.25 µm. The cavities were fabricated by femtosecond-laser direct writing of void channels in solid photopolymer resin [21, 22] . Consistent with photonic eigenstate calculations, pronounced localized cavity modes were observed in the photonic stop gap region. With increasing cavity size two successive modes emerged from the air band, crossed the entire bandgap, and finally disappeared in the dielectric band along with characteristic changes in the mode profiles. Typical of Fabry-Perot etalons, an increasing angle of incidence resulted in a decline of the cavity mode wavelength.
Void channel woodpile photonic crystals: fabrication, characterization, and photonic band structure
Femtosecond-laser direct writing of submicron-size voids into a solid polymer host [21,22] is a single step process which allows for the generation of arbitary non-overlapping channel arrangements and requires no chemical post-processing. Controlled defects can be introduced at any location within the lattice geometry. The experimental set up is illustrated in Fig. 1(a) . A femtosecond-pulsed Ti:sapphire laser beam (Mira 900-F; Coherent, Santa Clara, CA) operating at 810 nm passed through an optical parametric oscillator (OPO) with intracavity frequency doubler (Mira-OPO, Coherent; 1065-1265/545-625 nm) producing 580 nm laser light at a repetition rate of 76 MHz and a pulse width of 200 fs. A telescopic arrangement expanded and collimated the resultant beam uniformly illuminating the back aperture of an Olympus PlanApo 100x 1.4 numerical aperture (NA) oil immersion objective. A neutral density (ND) filter allowed for control of the fabrication power. The laser beam was focused into a pre-cured sample of Norland NOA63 optical adhesive sandwiched between two glass cover slips at a focal intensity of approximately 15 mW. The sample was affixed to a 200x200x200 µm x-y-z piezoelectric translation stage (P-562 with E-710 digital controller, Physik Instrumente, Waldbronn, Germany), which was operated at a scanning speed of 450 µm/s. The stage along with a shutter were both computer controlled and the entire fabrication process was monitored in situ by means of a charge-coupled device (CCD) camera collecting transmission illumination from a lamp situated beneath the sample.
Infrared transmission spectra of the fabricated photonic crystal structures were investigated using a Nicolet Nexus Fourier transform infrared (FTIR) spectrometer with Continuum infrared microscope (Thermo Nicolet, Madison, WI, U.S.A.). A mask consisting of a small pinhole was placed in front of a reflective 32x NA 0.65 objective (Reflechromat, Thermo Nicolet) which produced a hollow light cone varying from 18° to 41° [ Fig. 1(b) ]. With the mask in place a light cone of 5° in half angle was available and with the sample tilted normal incidence could be achieved. Although the mask reduced the effective numerical aperture to 0.09, the lateral sample size of 80 x 80 µm exceeded the Airy disk diameter and was large enough for optical probing.
The woodpile-style photonic crystal lattice was chosen due to its robust design by which many structural parameters can be varied. A computer-generated sketch of the void channel arrangement is shown in Fig. 1(c) and the corresponding Brillouin zone for this facecentred tetragonal (fct) lattice in Fig. 1(d) . The lattice symmetry implies that electromagnetic modes in the stacking direction <001> are degenerate with respect to their polarization [23] . The photonic band structure was calculated using an iterative eigensolver program for a void channel woodpile lattice with a layer spacing of δz = 1.5 µm and an in-plane spacing of δx = 1.4 µm [ Fig. 1(e diameter of the void channels, and the strong deviation from the face-centred cubic (fcc) lattice geometry, a complete bandgap between bands 2 and 3 does not exist. Fig. 1 (e) as well as more detailed photonic band calculations (not shown) demonstrate that, except for the gap between bands 4 and 5, the stop gaps exist only in narrow ranges of angles about the stacking direction. Therefore, the stop band at λ = 4.56 µm, which is indicated in Fig. 1(e) as a black bar, is called the main gap and was used for the investigation of planar microcavities. 
Dependence of cavity modes on the defect layer size
Using the same experimental parameters, microcavities were fabricated at the centre of a twenty-four layer woodpile structure by the introduction of a displacement ∆d of all layers beyond the twelfth [ Fig. 2(a) ]. Such a system is analogous to a Fabry-Perot etalon consisting of two parallel quarter-wave stacks [24] , in which each layer of void channels contributes two quarter-wave layers of different average dielectric constant, one containing the channels and another one consisting entirely of cured resin. Related photonic band structures were calculated by setting up a cuboid-shaped supercell consisting of twenty-four layers of channels in the stacking direction with an additional spacing ∆d between the twelfth and the thirteenth layer and one channel in both transverse directions (i.e. lateral size δx). A series of planar microcavities was fabricated with ∆d ranging from 0.3 to 2.25 µm, as well as a reference structure without a defect. Figure 2(c) shows the resultant spectra. The dip in transmission centered on 4.5 µm is due to the main photonic stop gap of the woodpile photonic crystal lattice and agrees well with our calculations [ Fig. 2(b) ]. The striking feature which is apparent in all samples except the structure without a defect is a sharp peak within the stop gap region for ∆d = 0.6 to 0.9 µm and again 1.5 to 2.25 µm constituting two successive cavity modes A and B, respectively. At a cavity size of 1.2 µm both modes are present simultaneously (Mode A at the upper gap edge in Fig. 2(b) , Mode B at the lower one), although their appearance is less obvious as they are close to the gap edges. Figure 2 (d) compares the spectroscopy results (circles) with the eigenmode calculations (triangles). The shaded regions denote frequencies outside the bandgap, while the horizontal dotted line denotes the midgap frequency. The calculations reproduce the experimental results extremely well demonstrating the shift of both modes from the shorter to the longer-wavelength gap edge with increasing cavity size. As with typical quarter-wave stack Fabry-Perot filters our microcavities provide a first cavity mode at a cavity size of approximately a quarter-wave layer (∆d ≈ 0.75 µm) as well as a spacing between subsequent modes of 1.5 µm corresponding to half the light wavelength in the dielectric. Calculations confirm that a further increase of the cavity size or a (hypothetical) decrease to negative values by the same distance implying overlapping channels yields additional dielectric-type cavity modes. The coexistence of two modes at ∆d = 1.2 µm is also confirmed theoretically allowing for bi-modal cavity operation with a free spectral range of 430 nm. The distributed feedback nature of the photonic crystal reflectors accounts for the order of magnitude smaller free spectral range compared to a simple Fabry-Perot etalon consisting of two reflective surfaces.
Angular dependence of cavity modes
Spectral measurements yielding an angular dependence further highlight the analogy to the Fabry-Perot etalon. For a cavity size of ∆d = 0.6 µm over a range of angles of incidence of 0 -10° a shift of the cavity mode to shorter wavelengths by approximately 20 nm was observed [ Fig. 3(a) and 3(b) ]. Taking into account the strong wavelength dependence of the phase shift 
Cavity mode profiles
Supercell calculations not only reproduce the cavity size dependence of the mode wavelengths, but also demonstrate the degree of localization of the modes inside the cavity. Figure 4 shows the electromagnetic energy density of modes A (a-d) and B (e-h) of the woodpile-type lattice for ∆d ranging from 0.4 to 2.5 µm in a vertical plane intersected by only one set of channels. The other set of channels is indicated by dashed lines in the outline of the lattice, which is overlaid on the profiles b and f. The color scale bar indicates the energy density from highest (red) to lowest (dark blue). The lower part of the figure plots the intensity along the stacking direction relative to the cavity position with horizontal planes containing void channels visualized by white areas (diagrams i, j). Mode A reveals a strong intensity maximum in the centre of the cavity, whereas mode B features two maxima with a central node. High intensity is confined to the cavity position and to a lesser extent to the adjacent dielectric. For both modes A and B modal confinement is strongest for cavity mode wavelengths near the midgap wavelength (b,c; f,g), whereas for mode wavelengths closer to the gap edges the modes extend deeper into the surrounding lattice (a,d; e,h). This influence of the photonic crystal reflectors on the cavity performance is also seen in the intensity plots, which demonstrate highest intensity in the cavity as well as the slowest decay of mode maxima at ∆d = 0.8 µm and 2.1 µm for modes A and B, respectively. 
Conclusions
In conclusion, high quality woodpile structures with the main photonic bandgap close to 4.5 µm were fabricated by femtosecond laser direct writing of void channels in polymer material, featuring planar cavities with sizes ranging from 0.3 to 2.25 µm. Infrared transmission measurements revealed pronounced cavity mode peaks within the photonic stop band yielding a characteristic dependence of the fundamental and second-order cavity mode wavelengths on the cavity size and the angle of incidence. Experimental results were explained by a quarterwave stack and a simple reflective surface Fabry-Perot model as well as supercell calculations, which demonstrate the high degree of mode localization in the cavity. We emphasize that the efficient generation of such microcavities may find important applications, for example in the context of integrated microlasers, as they allow for the control of frequency, intensity, directionality and spectral width of light emission and even of nonlinear optical processes such as second harmonic generation [25] .
